A 70-kDa protein is phosphorylated in cellfree preparations from rat or mouse fibroblasts by an endogenous protein kinase. This protein is immunologically related to a group of 68-kDa to 87-kDa proteins described in the literature as substrates for protein kinase C (PK-C). Although the phosphorylation of the 70-kDa protein by isolated plasma membranes takes place in the presence of EGTA, we conclude that the reaction is catalyzed by PK-C based on its inhibition by staurosporin. As shown previously, pure PK-C phosphorylates a synthetic random polymer of arginine and serine in the absence of Ca2+ and lipids, a reaction markedly stimulated by an endogenous unidentified activator of PK-C. When the '70-kDa protein from normal fibroblasts was exposed to the cytosol of chemically or ras-transformed fibroblasts, it disappeared as measured by phosphorylation by added PK-C. Cytosol ofnormal fibroblasts was much less effective (ca. 20%). Cathepsin L purified from rat kidney or from the medium of transformed cells had an effect similar to that of the cytosol of transformed cells. When the 70-kDa protein was phosphorylated by PK-C prior to exposure to cathepsin L or to the cytosol of transformed cells, there was a marked protection of the 70-kDa protein. We conclude that the 70-kDa protein is degraded by cathepsin L as ascertained by both immunological and biochemical assays and that it is protected by prior phosphorylation with PK-C. The possible role of this effect in signal transduction is discussed.
'70-kDa protein from normal fibroblasts was exposed to the cytosol of chemically or ras-transformed fibroblasts, it disappeared as measured by phosphorylation by added PK-C. Cytosol ofnormal fibroblasts was much less effective (ca. 20%). Cathepsin L purified from rat kidney or from the medium of transformed cells had an effect similar to that of the cytosol of transformed cells. When the 70-kDa protein was phosphorylated by PK-C prior to exposure to cathepsin L or to the cytosol of transformed cells, there was a marked protection of the 70-kDa protein. We conclude that the 70-kDa protein is degraded by cathepsin L as ascertained by both immunological and biochemical assays and that it is protected by prior phosphorylation with PK-C. The possible role of this effect in signal transduction is discussed.
Addition of a phorbol ester to quiescent mouse fibroblasts stimulated, within 15 sec, the phosphorylation of an 80-kDa protein. Down-regulation of protein kinase C (PK-C) by prolonged exposure of the cells to the phorbol ester prevented the stimulation (1, 2) . Thus the 80-kDa protein was considered to be a possible early target in the pathway of signal transduction from the plasma membrane to the nucleus. The 80-kDa protein has been used as a useful marker for PK-C activation in a variety of cell types (3) . It was shown to be distinct from PK-C (80 kDa) both immunologically and by SDS/PAGE. (4) , from which it was purified by several investigators (5, 6) . Addition of serum, bombesin, or vasopressin to quiescent fibroblasts also stimulated phosphorylation of an 80-kDa protein within 10 to 15 sec, whereas platelet-derived growth factor elicited a response only after a lag of 90 sec (7) . These observations are consistent with the formulation of PK-C activation by mobilization of Ca2+ from intracellular sources. An immunologically related protein with an apparent molecular mass of 68 kDa was shown to be myristoylated upon stimulation of macrophages by bacterial lipopolysaccharides. After stimulation, >90% of the myristoylated 68-kDa protein was localized in the plasma membrane, whereas in the control >75% of the phosphorylated protein was in the cytosol (8) . As mentioned above, the electrophoretic mobility of the protein varies with experimental conditions (e.g., percent acrylamide), and immunological evidence points to a close relationship between these PK-C substrates designated in various publications to have a Mr between 68,000 and 87,000. Under our experimental conditions, the Mr of the protein in rat and mouse fibroblasts is about 70,000. We have explored the phosphorylation ofthis protein in cell-free preparations as a substrate for both endogenous and exogenous PK-C and its susceptibility to proteolysis by endogenous and added protease (cathepsin L).
MATERIALS AND METHODS
Rat-1 cells and Ha-ras-transformed Rat-1 cells (EJ-2 cells) were obtained from R. Weinberg (MIT, Boston); mouse C3H/1OTY2 cells and iOTY2 mouse fibroblasts chemically transformed with methylcholanthrene (MCA cells) were from C. Wenner (Roswell Park, Buffalo, NY). The cells were grown and harvested as described previously (9, 10) . Plasma membranes from Rat-1 cells were prepared according to Thom et al. (11) and stored at -70'C in 10%o (wt/vol) sucrose/20 mM Hepes (pH 7.4)/1 mM dithiothreitol. Cytosols and iOTY2 membranes were made by disruption of the cells with a Polytron (12) . The supernatants of the latter preparations, after removal of the membranes, were used as sources for cytosol. EJ-2 cytosol was donated by A. Ciabarra (Cornell University). Plasma membranes (1 mg/ml) were extracted with 1% Triton X-100 followed by centrifugation for about 4 min in an Eppendorf microcentrifuge. PK-C was purified from rat brain (13) , but variable amounts were used since some losses in activity were encountered on storage at 40C. Cathepsin L was prepared from rat kidney (14 milk and 0.05% NaN3], the membranes were placed in plastic sealing bags and labeled with 10 ml of68-kDa antiserum diluted 1:1000 in the same blocking buffer for 2 hr at 37°C. The membranes were removed, rinsed four times for 5 min each in TBS plus 0.05% Tween-20, and then placed in a dish with 30 ml of the same buffer containing 125I-labeled protein A (1 ,uCi/ml, 31 ng/ml; 1 Ci = 37 GBq) for 2 hr. The blot was rinsed four times for 10 min each, air dried, and analyzed by autoradiography.
RESULTS
As shown in Fig. 1A Plasma membranes from EJ-2 cells also contained the 70-kDa protein as tested by phosphorylation by PK-C, but there was less of it than in the control membrane (Fig. 2 , compare lanes 1 and 5). As is well documented in the literature (1, 2), in murine fibroblasts most of the 70-kDa (80-kDa) protein is in the cytosol. Curiously, cytosols of EJ-2 cells contain little or no 70-kDa protein as tested by phosphorylation under our experimental conditions (Fig. 2, lane  2) . A mixture of Rat-i membrane and 90 or 36 ,g of EJ-2 cytosol (Fig. 2, lanes 3 and 4) showed a substantial reduction Proc. Natd. Acad. Sci. USA 86 (1989) 3023 in phosphorylation of the 70-kDa protein when compared to Rat-i membranes alone.
Cytosols from mouse fibroblasts (10T1/2) contain large amounts of 70-kDa protein phosphorylated by [y-32P]ATP (Fig. 3, lane 1) , but mixing with a cytosol from chemically transformed 10T1/2 cells (MCA cells) resulted again in a drastic reduction in phosphorylation (Fig. 3, lanes 3-5) . Either a phosphatase or a proteolytic enzyme present in the cytosol of transformed cells in amounts much greater than in the cytosol of untransformed cells could explain these findings. A number of phosphatase inhibitors, including sodium fluoride and vanadate, had no effect on the disappearance of the 70-kDa band. Among several protease inhibitors tested, NEM, leupeptin, and Cbz-Phe-Tyr(O-tBu)-CHN2 (cathepsin L inhibitors) protected, whereas serine protease inhibitors did not (Fig. 4) . EGTA was also ineffective, ruling out a Ca2+-dependent protease. A likely candidate was cathepsin L, in view of reported increases in this enzyme in transformed cells (16, 17) . Yet it was curious that the reaction took place at pH 7.4 and at 40C, conditions not favorable for the action of cathepsin L (18) . The low-temperature conditions were used mainly to reduce the action of nonspecific phosphatases. The effect was also seen at pH 5.0, which is more appropriate for cathepsin L, yet the inactivation was comparable to that observed at pH 7.4.
EJ-2 cytosol was added before and after phosphorylation to study the reaction under better defined conditions. Rat-1 membranes were heated to eliminate endogenous protein kinase activity, and phosphorylation was achieved by addition of purified PK-C. As shown in Fig. 5 , the same pattern of inhibition by EJ-2 cytosol was observed (Fig. 5, lanes 2-5) . To rule out a role of phosphatase in the loss of phosphorylated 70-kDa protein, heated Rat-1 membranes were exposed to PK-C in the presence of [y-32]ATP, again heated to inactivate PK-C, and then exposed to EJ-2 cytosol. Instead of observing a decrease of phosphorylated 70-kDa protein, as expected if a phosphatase were operative, the phosphorylation of the 70-kDa protein was much higher (Fig. 5, lane 6 ) than in Rat-1 membranes that were first exposed to EJ-2 cytosol and then to PK-C (Fig. 5, lanes 2-5) . This suggested that phosphorylation protected the protein against degradation by a proteolytic enzyme. A purified preparation ofcathepsin L from rat kidney (Fig. 6, lanes 2 and 3) and to protection by phosphorylation (Fig. 6, lanes 5 and 6) . It should be noted that several other weakly phosphorylated bands disappeared after exposure to either EJ-2 cytosol or to cathepsin L and were protected by phosphorylation. Western blot analysis showed the same pattern of degradation and protection of the 70-kDa protein as seen by phosphorylation analysis. Finally, a highly purified MEP cathepsin L was 1 (13) were added. The reaction was initiated by addition of 10 AM ['y32P ]ATP (5000 cpm per pmol), and the mixture was incubated for 30 min at 30'C. In a second set of experiments, the membrane extract was first exposed to phosphorylation by PK-C for 30 min at 300C, heated at 90'C, and then exposed to buffer (lane 4), EJ-2 (lane 5), or cathepsin (lane 6) as described above.
shown to behave similarly with respect to degradation (Fig. 7 , lanes 2-4) and protection (Fig. 7, lanes 5-7) . The effect of cathepsin L (MEP) on the 70-kDa protein in Rat-i membranes before and after phosphorylation by PK-C. Rat-1 membranes (1.5 ,ug) were heated at 900C for 5 minand then exposed for 30 min at 300C to 2.5 ,ug of PK-C and ATP (lane 1). MEP (0.2, 0.5, and 1 ug) was added to the heated Rat-i membranes, and the membranes were incubated on ice for 30 min, heated at 900C for 5 min, and then exposed to PK-C and ATP for 30 min at 300C (lanes 2-4). In the next samples (lanes 5-7) , the heated Rat-1 membranes were first phosphorylated with PK-C and ATP, heated at 900C for 5 min, and incubated with the amounts of MEP specified above, followed by exposure on ice for 30 min. For comparison, EJ-2 cytosol (2 ,&g) was used with Rat-1 membranes before (lane 8) and after (lane 9) phosphorylation by PK-C.
DISCUSSION
There are three major observations described in this paper. One is the phosphorylation of the 70-kDa substrate of PK-C by an endogenous kinase in murine fibroblasts that is active in the presence of EGTA; the second is the loss of the 70-kDa band after exposure to the cytosol of transformed cells or to two preparations of purified cathepsin L; and the third is the protection against cathepsin L after previous exposure of the 70-kDa protein to PK-C in the presence of ATP and Mg2+.
Phosphorylation of substrates catalyzed by various subtypes of PK-C that are independent of Ca2 , lipids, or both has been previously recorded in the literature (15, (19) (20) (21) (22) .
Protamine and synthetic polymers are phosphorylated in the absence of both Ca2" and lipids. These examples point to two alternative explanations for the recorded observations. The PK-C in murine fibroblasts could be a mixture of several subtypes of PK-C (23), among them a Ca2+-independent PK-C. Alternatively the 70-kDa substrate can be phosphorylated by PK-C in the absence of Ca2+, as are protamine and synthetic polymers. The possibility of a partially degraded PK-C (M form) that is independent of activators (24) must be considered as well. However, we have shown (15) that pure PK-C, which had shown virtually complete dependency on lipid and Ca21 with histone type III-S (histone 1) as substrate, phosphorylates at a similar rate the very basic poly(arginine, serine) in the absence of Ca2`and lipids but in the presence of an acidic KA. Since KA is present in all crude and partially purified cellular fractions that we have tested, it is difficult at this point to make an unambiguous decision between the two possibilities, particularly in view of the observation that KA stimulated the phosphorylation of the 70-kDa protein and lamin B even in the presence of lipids and Ca2+ (15) . A subtype of PK-C, separated during fractionation on a DEAE column from the main PK-C peak, that preferentially phosphorylates poly(arginine, serine) compared to histone 1 further complicates the interpretation (15) . In any case, we conclude that the endogenous protein kinase that phosphorylated the 70-kDa protein in the presence of EGTA is a PK-C because of its high sensitivity to staurosporin, which in contrast to other advertised inhibitors appears to be relatively specific for PK-C at nanomolar concentrations.
The second observation is the effect of cathepsin L on the 70-kDa protein and the differences in susceptibility between the nonphosphorylated and phosphorylated protein to the protease. Starting with the pioneering work of Gottesman (16) , there has been an increasing interest in the role of cathepsin L in transformation. Secretion of the MEP cathepsin L by mouse fibroblasts (3T3 cells) is stimulated by platelet-derived growth factor, fibroblast growth factor, agents that release lysosomal proteins, and phorbol esters (25) . The latter observation is of particular interest in relation to the current work since it opens several possibilities, including control of secretion by phosphorylation, an attractive model discussed earlier (26) . The observed correlation between the excretion of cathepsin L and the metastatic potential of several cell lines (17) suggest a possible connection between tumor malignancy and cathepsin L.
It is well known that the action of enzymes is influenced by properties of the substrates. There is an abundance of literature on consensus sequences for substrates of protein kinases, proteases, etc. (27, 28) . Additional parameters such as charge distributions have been emphasized more recently (29) based on work with large synthetic random polypeptides as substrates and as enzyme activators. Thus the observation of the striking differences in the conditions for phosphorylation of various substrates by PK-C mentioned earlier is a case in point. The difference in susceptibility of the 70-kDa protein to cathepsin L, before and after phosphorylation by PK-C, is another. It should be noted that the experiments Proc. Natl. Aaad. Sci Sometimes there is increased, sometimes decreased, stability. An ancient example is the dramatic protection of glyceraldehyde-3-phosphate dehydrogenase by NADI against a variety of proteases (30) . Other examples are given in this paper. A very recent example is the protection of an actinbinding protein against Ca2+ protease by phosphorylation by protein kinase A (31). Wolfman et al. (32) observed that ras-, src-, and fos-transformed cell lines contain lower amounts of the 80-kDa protein than the control cell lines. Since PK-C was also lower in the transformed cells, an increased proteolytic degradation of dephosphorylated 80-kDa protein appears to be a plausible explanation for their findings. The interesting report by Kamata et al. (33) that a revertant cell line of ras-transformed cell lines has reduced PK-C activity and cannot phosphorylate the 80-kDa protein needs further exploration in view of the current findings.
The most intriguing and speculative possibility is the role of posttranslation modification in signal transduction. In the case of the 70-kDa protein, myristoylation was shown to facilitate the movement to the plasma membrane (8) . Currently, investigations in our laboratory have demonstrated the presence of the same 70-kDa protein in the plasma membrane, cytosol, and nucleus and its variations as a function of the cell cycle. The 70-kDa protein was identified both immunologically and by phosphorylation by PK-C (K.L., unpublished observations). It seems likely that phosphorylation as well as myristoylation influence the movement of proteins within the cell (8) . Of particular interest to signal transduction is the role of phosphorylation of nuclear proteins and the participation of the cascade phenomena in the transmission of signals from the plasma membrane to the nucleus. Many transcription factors are phosphorylated, and examples are emerging that phosphorylation influences their interaction with DNA and/or function (34, 35) . Slowly, the parts of the jigsaw puzzle of signal transduction are beginning to come together, and phosphorylation-dephosphorylation reactions are likely to play an important role in the process.
